Background: Activating mutations of the Gsa gene (GNAS), which encodes for the a-subunit of the stimulatory G protein, have been identified in patients with McCune-Albright syndrome (MAS). Accuracy and sensitivity in the molecular diagnosis of MAS is mandatory for optimal therapeutic strategy and adapted follow-up, especially for incomplete clinical forms of MAS. To date, the highly sensitive nested PCR method with intermediary digestion by a restriction enzyme at the mutation site is one of the most widely used techniques. This study evaluated a new diagnostic method using a peptidic nucleic acid (PNA) and compared it with the nested PCR method. Material and methods: One hundred and forty-eight DNA samples from eighty-eight patients presenting clinical symptoms compatible with MAS were included. The DNA samples were mainly obtained from peripheral blood, ovarian tissue or cyst liquid, and bone lesions. The nested PCR method required 4 days. PNA clamping required 1.5 days and utilized the higher thermal stability and specificity of PNA-DNA coupling to inhibit PCR product formation. Direct sequencing was subsequently performed in all cases. Results: The sensitivity of mutation detection was 54% (nZ80) for nested PCR and 46.6% (nZ69) for PNA (PO0.05). The 11 cases where PNA failed to detect the mutation were mainly incomplete and atypical clinical forms of MAS (nZ10/11). The cost per sample was 50 euros for PNA clamping versus 136 euros for nested PCR. Conclusion: PNA clamping is a rapid, reliable, and economical method to diagnose MAS. It should be the first-line diagnostic method, although negative results, especially for incomplete clinical forms of MAS, should be confirmed by nested PCR.
Introduction
The McCune-Albright syndrome (MAS) is characterized by a triad of physical signs: café-au-lait pigmented skin lesions, polyostotic fibrous dysplasia (FD), and endocrine dysfunction, which particularly manifests as peripheral precocious puberty in girls (1, 2) . Other hyperfunctional endocrinopathies have been reported such as pituitary adenomas secreting growth hormone and/or prolactin (3), hyperthyroidism (4), autonomous adrenal hyperplasia (5) , and hypophosphatemic osteomalacia (6) . The endocrine glands that are hyperactive in MAS have in common a response to extracellular signals by the adenylate cyclase (AC)-cAMP pathway and constitutionally elevated AC activity (7) . Activating mutations in the guanine-nucleotide binding protein (G-protein) a-subunit (Gsa) that stimulates AC have been confirmed as the molecular cause of MAS (8) . The mutation is nearly always a substitution of the residue arginine at position 201 by histidine or cysteine. The sporadic occurrence of the syndrome, the variable involvement of endocrine glands, and the characteristic pattern of skin and bone lesions, which follows lines of embryologic development, are all in accordance with the mosaic distribution of abnormal cells due to the post-zygotic occurrence of the GNAS mutation (9) .
Given these features, it has become apparent that MAS is an extremely heterogeneous disease and that a number of atypical and partial forms exist beyond the classic MAS. It has been hypothesized that identification of GNAS-activating mutations may lead to earlier diagnosis in patients with partial forms of MAS, thereby improving management of this diffuse and potentially severe endocrinopathy (10) (11) (12) . This is only realistic if an accurate, sensitive assay for mutation detection is available. Since GNAS-activating mutations occur in a mosaic distribution, a method that can detect even a low number of mutant alleles is required. Two main methods based on a PCR have been reported: the use of a restriction enzyme with nested PCR to selectively digest the wild-type allele and a peptidic nucleic acid (PNA) primer to inhibit amplification of the wild-type allele (12) (13) (14) with or without mutant ratio determination (15) .
The basis for choosing between these two techniques has not been clearly established, however, and to date no systematic comparisons in a large series of patients have been carried out. The aim of this study was to evaluate and compare the reliability of these two methods in the molecular diagnosis of patients suspected of having MAS and thus to propose a rationalized use of these techniques.
Patients and methods

Patients
Through a European collaborative project, 88 children presenting with one or several signs of MAS were included. Informed consent was obtained from all patients' parents in accordance with institutional guidelines. Eighty percent were girls (nZ70). Classic presentations with the triad of precocious puberty, skin lesions, and osteotic FD were seen in 26% of the cases (nZ23). One-third of the children (nZ29) showed two of the three signs, and 41% (nZ36) had only one sign at the time of diagnosis, mainly precocious puberty. All of these 36 patients had consulted for a premature thelarche, accelerated growth velocity and 21 of them had recurring ovarian cysts.
DNAs
The number of DNAs studied (nZ148) was greater than the number of patients (nZ88) because different tissue samples were taken from the same patient in several cases. DNA was thus extracted from various tissues. Peripheral blood leukocytes (PBL) were the most frequently studied specimen (nZ71). The ovary, with ovarian tissue (nZ33) or cystic fluid (nZ16) obtained from cystectomy or ovarian puncture, was studied in 49 cases. Bone samples could be studied in 15 cases. More rarely, we were able to extract DNA from the adrenal glands (nZ5), the liver (nZ4), and the endometrium (nZ4).
DNA extraction
DNA was obtained from PBL in EDTA-containing tubes using the QIAamp DNA Blood Kit (Qiagen). The tissue biopsies, whether fresh, frozen, or preserved in paraffin, were submitted to proteinase K treatment before extraction. Moreover, pathologic zones on the slide were first identified to increase the sensitivity of detection by limiting the search to abnormal cells.
Identification of the Arg201 mutation by nested PCR and restriction endonuclease digestion
We used a modification of the method reported by Candeliere et al. (13) that enables selective enrichment of mutated DNA. The principle is based on the use of a modified primer to obtain a PCR product from normal DNA that can be digested by a restriction enzyme (EagI), whereas the PCR product obtained from mutated DNA is resistant to this enzyme. PCR amplification to introduce a site-directed mutation was performed first (sense primer: TTTTGTTTCAGGACCTGCTTCGCGGC, antisense primer: AAGCGTTCTTTACG AACAGCCAAGC). After the sitedirected mutagenesis step, the PCR product was treated with EagI (New England Biolabs, Beverly, MA, USA) prior to further amplification. Digestion was carried out in a 10 ml reaction composed of 1 ml NEB3 10! buffer, 5 ml PCR product, 0.5 ml endonuclease (50 U/ml), and 3.5 ml water at 37 8C overnight. For use in subsequent amplifications, the digested PCR product was diluted in the ratio of 1:50 with water. Successive PCR and enzyme digestion steps result in an enrichment of the mutated allele. The sense and antisense primers were those described by Candeliere et al. (13) (second step antisense primer ACAGCCAAGCCCACAGCATCCTAG, third antisense primer: GGTTATTCCAGAGG GACTGGGGTGAA). Amplifications were performed with Qiagen DNA Polymerase in a final volume of 50 ml using standard conditions. Before enzymatic digestion, the PCR product was purified using QIAquick PCR columns (Qiagen).
Two successive steps of PCR and digestion were used in this study to limit the risk of contamination due to the nested PCR. After purification, the final PCR products were sequenced with the internal antisense primer.
Identification of the Arg201 mutation with PNA primer
A technique with a PNA primer to inhibit the amplification of the wild-type allele has been described (10, 12, 14) . PNAs form hybrids with DNA that are stable and more sensitive to internal base mismatches with their DNA complement. The PNA primer that is complementary to the wild-type sequence overlaps the binding site of the sense PCR primer and prevents amplification of the wild-type allele. The PNA primer will not bind to the mutant sequence and the mutant allele is thus amplified during PCR. (14) . The PCR products were analyzed by gel electrophoresis and sequenced by PCR with the use of an internal primer (5 0 -GGTTATTCCAGAGGGACTGGGGTGAA-3 0 ). In all the cases and for both methods, negative controls with normal DNA and no DNA were simultaneously run to ensure the absence of contamination. Sequencing reactions were repeated twice with at least two different PCR products for each method.
Statistical analysis
Statistical analysis was performed with the SPSS 11.1 program. c 2 -tests for qualitative data and Student's ttests for quantitative data were used. Significance was accepted at P!0.05.
Results
All results are summarized in Table 1 . The nested PCR with restriction endonuclease digestion detected an activating mutation of GNAS in 54% (nZ80) of the samples. The sensitivity of the PNA method was 46.6%. The sensitivity of PNA was elevated for DNA extracted from ovary (ovarian tissue, 66.7% or cyst liquid, 81.2%) and from bone (80%), and lower from DNA extracted from blood leukocytes (36.6%). In cases of positive PNA clamping from blood leukocytes DNA in a patient, the mutation was always detected on the ovarian or bone tissue. The difference between the sensitivity of mutation detection of these two methods was not statistically significant. However, in 11 cases the PNA method did not detect the mutation detected by nested PCR. Most of the samples in which this discrepancy occurred were DNAs from patients with an incomplete clinical form of MAS or an atypical form (nZ10/11). Seven cases were incomplete forms (five isolated precocious pseudopuberties and two isolated FDs) and three had atypical presenting symptoms (one neonatal cholestasis and two adrenal hypercorticisms). The average cost per sample and the wait-time for results using the nested PCR were more than twice those of PNA clamping.
Discussion
Confirming a clinical diagnosis of MAS with the complete triad of signs is of academic interest but has little impact on patient management. In contrast, incomplete or atypical clinical forms of MAS are often quite difficult to recognize, and rapid and reliable molecular methods would be useful for early diagnosis and adapted therapeutic management of these patients. Evidence of a GNAS mutation in a child presenting incomplete or atypical signs is sufficient for diagnosis and the immediate implementation of a strategy of active surveillance so that other signs of MAS (precocious puberty, FD) can be quickly met with adapted management.
The post-zygotic occurrence of the GNAS mutation leading to MAS is responsible for the mosaic distribution of mutant-bearing cells. The subsequent number of affected cells in a tissue may be very low and this complicates the identification of mutant GNAS. The molecular diagnosis of MAS is therefore highly dependent on the sensitivity of the detection method. One of the most widely used methods is a highly sensitive PCRbased technique that allows the selective enrichment of mutated DNA (13) . In contrast to the several steps described by Candeliere et al. (13), we recommend only two steps of digestion and several negative controls to limit the risk of contamination inherent to nested PCR. However, this technique is not easily transposed for all mutation sites and has been shown to have variable sensitivity. One of the most recent and promising Table 1 Comparison between nested PCR with restriction endonuclease digestion and PNA clamping for the detection of an activating mutation of GNAS in position Arg 201.
PNA clamping
Nested PCR with restriction endonuclease digestion methods is based on the use of a PNA primer to block amplification of the normal allele (14) . PNAs are synthetic DNA analogs in which the phosphodiester backbone is replaced by repetitive units of N-(2-aminoethyl) glycine, to which the purine and pyrimidine bases are attached via a methyl carbonyl linker (16) . PNA is a potent DNA mimic in terms of sequence-specific hybridization, and the obtained results show that at physiologic ionic strength PNA/DNA duplexes are generally 1 8C per base more thermally stable than the corresponding DNA/DNA duplexes (17, 18) . Thus, a PNA/DNA complex can effectively block the formation of a PCR product when the PNA is targeted against one of the PCR primer sites. This blockage, termed PNA-directed PCR clamping, allows selective amplification/suppression of target sequences that differ by only 1 bp (19) . To date, this method has not been compared with the nested PCR method.
In this study, we show that PNA clamping is a valuable tool for detecting the Arg201 mutation in the molecular diagnosis of MAS. PNA has the advantages of reduced cost and rapid and reliable results. From a technical point of view, PNA may have the added advantage of a limited risk of contamination since only one PCR is applied. Even when the nested PCR method is limited to only two PCRs and digestions and systematically includes negative controls, the risk of contamination should not be underestimated. Nevertheless, we found that PNA clamping might not be as sensitive as nested PCR. This difference did not reach significance but it should be underlined that nested PCR detected an Arg201 mutation in 11 patients who had normal PNA clamping results. An incomplete blockage of the normal DNA amplification by the PNA (19) could explain these false negatives. This result raises two points of interest. First, this finding is not in accordance with those of the previous literature, even though we used the same protocol and primers. Lietman et al. (12) reported that PNA clamping detected the Arg201 mutation in 14 out of 16 patients' blood in a study of 13 patients with a clinical diagnosis of MAS and 3 patients with isolated fibrous bone dysplasia. The authors concluded that PNA clamping provided an enhancement over standard PCR but did not further compare it with the nested PCR. Hannon et al. (10) reported results closer to ours, with the sensitivity of PNA clamping less than 50% for DNA from blood leukocytes. The authors did not find that PCR was more efficient but the size of their series was too limited (nZ9) to provide a significant comparison of the two techniques. The variable clinical criteria of the patient populations (complete triad or atypical MAS) may explain the discrepancies between these studies and ours. Indeed, the finding of a mutation is correlated with the number of clinical signs of MAS (11) .
The second interest of our findings is that they lend support to a rationalized cost-effective protocol to screen the Arg201 mutation in patients suspected of having MAS. Our results suggest that PNA clamping could be used as the first-line choice for DNA extracted from tissue and from patients' blood when the complete clinical triad of MAS signs is seen. In these situations, the rate of potentially mutation-bearing cells may be high enough to be reliably detected by this method. Nested PCR could be reserved only for DNA extracted from lowmutated cell content in cases of low clinical suspicion of MAS and for confirmation of negative results of PNA clamping. In the present study, application of this protocol would have saved 2838 euros.
Overall, PNA clamping is a reliable, rapid, and costeffective method for the molecular diagnosis of MAS. Nested PCR nevertheless remains the most sensitive technique, especially for the incomplete and atypical forms of MAS.
